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I ntroduction

This report covers the period December 15, 2005 — December 14, 2006. Tuberous sclerosisis caused by
mutationsin the Tscl or Tsc2 gene. Products of these genes form a complex that acts as a negative regulator of
Rheb GTPase. Rheb isan activator of mTOR. Thus, one of the major problems with tuberous sclerosisis that
the Tsc/Rheb/mTOR signaling pathway is over-activated. Our research isfocused on understanding how this
signaling pathway is regulated and what the consequences of alteration of this signaling pathway are. We have
made progress in experiments outlined in the Statement of Work. In addition to characterizing Rheb2, we have
characterized altered cell cycle progression in the Tsc-null MEFs. We have generated novel mTOR mutants,
important reagents to over-activate the Tsc/Rheb/mTOR signaling.



Summary of progress

Tuberous sclerosisis caused by the loss of Tsc1/Tsc2 complex that acts as a negative regulator of Rheb GTPase
(Aspuriaand Tamanoi, 2004). This resultsin overactivation of the Rheb/mTOR signaling pathway. Our
overall aim isto understand the consequences of atering this signaling pathway. During the current funding
period, we have made progress in this pursuit by carrying out the following experiments.

(i)We have further characterized Rheb2 protein. (ii) We have elucidated how the overactivation of the
Tsc/Rheb/mTOR signaling results in altered cell cycle progression. (iii) We have generated constitutive active
mutant forms of MTOR that can bypass amino acid requirement for their activation. Effects of the expression
of these mutants have been investigated.

Detailed description of accomplishments

1. To generate Rhebl and Rheb2 knockout mice

We continued our effort to generate knockout mice. To accomplish this, we consulted with Dr. Michele
Musacchio at the University of Californialrvine. The targeting constructs for Rhebl and Rheb2 were
electroporated into mouse ES cells and the cells with correct chromosomal replacement were screened by
Southern hybridization. After extensive screening of ES cells, we failed to identify knockout ES cells for either
Rhebl or Rheb2.

2. To characterize Rheb2

Previously, we have been successful in raising a polyclonal antibody against Rheb2 (RhebL1). This antibody
detects mouse Rheb2 but not mouse Rhebl. It does

not recognize human Rheb2. We have continued to s = 5 s B £
characterize Rheb2 using this antibody. Mouse tissue & T g 3 g =
samples (brain, heart, kidney, liver, testis and muscle) | 20—

were used to examine tissue expression of Rheb2. Our| —— " - .

results (Figure 1) show that Rheb2 is highly b

expressed in the brain. While Rhebl is expressed 1o
ubi quitousl Y, Rheb2 appearsto exhibit tissue specifi(; Fig.1. Detection of endogenous Rheb2 in mouse tissues. Rheb2 antibody

was used to examine level of endogenous Rheb2 protein in various

expression. Non-ubiquitous expression of human Mouse fissues.
Rheb2 was recently reported (Y uan et a., 2005; Saito
et al., 2005).

3. To investigate the mechanism of regulation of cell cycle progression by the TSC/Rheb/mTOR signaling
pathway

. . A Serum Starvation B 100% Confluency
Theloss of TSC leads to the activation of Rheb/
MTOR signaling resulting in atered cell growth. o — . —
We have previously reported using Drosophila £ — i T
tissue culture cells that the TSC/Rheb/mTOR %3 — —
signali ng pat_hwqy. pl ays crii call role§ in cell cycle o ey e o
progression; inhibition of this signaling leads to - - _

, | IP: CDK2 F_“ IP: CDK2
cell cycle arrest at the G1 phase (Patel et al., I s:cpk2 BAn IB: CDK2
2003). In the course of this grant, we found that MO Tscar Tsc2* pg Tec2 Tee2t
the loss of TSC leads to altered cell growth in _ _ o N . .

. . . Fig.2. Cdk2 is constitutively activated in Tsc2-null MEFs. Kinase activity of
mammalian cells. Thiswas shown usi ng MEFs Cdk2 immunoprecipitated from Tsc2-/- or the control +/+ cells after serum
H _ H starvation (A) or after reaching high density was examined. The lower panels
derived from Tsc-null mI'Ce. These C.el Isdo nOt_ show that comparable amounts of Cdk2 were recovered in immuneprecipitates.
respond to serum starvation and continue growing

even in the absence of serum. Furthermore, they
are not cell cycleinhibited after reaching high density.



Cell cycle progression from G1 to Sisregulated by the activity of Cdk2. We examined Cdk2 activity by
immunoprecipitating Cdk2 and assaying kinase activity by using histone H1 as a substrate. This study showed
that Cdk2 activity remains active even after serum starvation in the Tsc2-null MEFs (Figure 2A). Similarly,
Cdk2 activity remains high after the Tsc2-null MEF cells reached high confluency (Figure 2B). In contrast, the
level of Cdk2 islow in the control parental MEFs after serum starvation.

To gaininsight into which cell cycle protein is affected by the Tsc2++ Tsc2--
ateration of the TSC/Rheb/mTOR signaling, we examined Cyt Nud Cyt Nud
key proteinsinvolved in cell cycle regulation such as cyclins —

and Cdk inhibitors. One of the consistently observed
differences between the Tsc2-null MEF and control MEF
concerns nuclear localization of p27. While nuclear o - RhoGDI
tranglocation of p27 is observed after serum starvation -
in the control MEF, p27 was not detected in the nuclear e ‘ - q PARP
fraction in the Tsc2-null MEF (Figure 3). In collaboration with
Dr. Cheryl Walker (MD Anderson Cancer Center), it was Fig.3. Nuclear translocation of p27 Is blocked

. . ' . in the Tsc2-null MEFs. The amount of p27 in the
shown that the nuclear translocation of p27 IS dEpendeDt on_ Its Inuclear and cl;tosolic fractions wl;s exgminled by
phosphorylation by AMPK. The AMPK phosphorylation sites Western analysis. RhoGDI and PARP are used
on p27 have been identified. as cytosolic and nuclear markers, respectively.

X ‘ - - . p27

3. To elucidate mechanisms that result in the activation of the TSC/Rheb/mTOR signaling pathway

Because tuberous sclerosis arises from the activation of the TSC/Rheb/mTOR signaling, it isimportant to
understand how this signaling pathway can be activated and what consequences activation of this signaling
pathway have on cell physiology. Recently, a set of fission yeast Tor2 mutants that are constitutively active has
been identified. These mutants, each having a single amino acid change, were obtained by our study on the
fission yeast model system. Infission yeast, there aretwo Tor proteins, Torl and Tor2. Tor2 forms TORC1
complex together with Mipl, afission yeast homologue of Raptor. On the other hand, Torl forms TORC2
complex together with Ste20, a fission yeast homologue of Rictor. Tor2 isessentia for growth and is activated

Amino acids
A B
! —MTOR_ 150 E2419K
Craptor s - s |
Bsd: i1/
b el @ o /
\/ N\ == == — phospho-S6 g § &0 :
S6K e _ 56 s / -t
4E-BP1 .
l Ont—a
— v AU1-mTOR 5 10 15 20 25 30
L 816 Time (min)
Protein synthesis Figure 5. A: HEK293 cells exhibit low phospho-S6 level after nutrient starvation.
Cell cycle In contrast, in cells transfected with constitutive active mTOR mutants (E2419K
Proliferation or L1460P), high level of phospho-S6 is detected. B: Kinase activity in vitrois
Fig.4. TORC1 complex containing Raptor decreased after nutrient _slfarvgti onin oell_s transfected with thg wild type n_1T(_)R.
and mL ST8 responds to amino acids and However, high level activity is detected in cells transfected with the constitutive
phosphorylatesS6K and 4E-BP1, leading to active mTOR mutants.
cell growth and cell cycle progression.

by Rheb which is aso an essentia protein. We have devised screens to identify mutant forms of Tor2 that can
bypass dependency on Rheb for growth. In addition, another screen based on the inhibition of mating was
carried out. Altogether, twenty two different single amino acid changes were identified that confer Rheb
independent growth. Interestingly, these mutations were clustered in two regions one in the FAT domain and



the other in the kinase domain. Most of the mutations we identified occur on residues that are conserved in
mTOR.

In the study supported by this grant, we have introduced representative mutations into mTOR. A representative
mutation from each domain, the FAT domain and the kinase domain, was selected. These mutant mTOR
proteins were expressed in HEK293 cells and their effects on amino acid dependent growth were examined. As
shown in Figures 4 and 5, mTOR activity is dependent on the presence of amino acids. Therefore, mTOR
activity islow when cells are amino acid starved. Thisis seenin Figure 4 that investigated mTOR activity after
nutrient starvation by examining phosphorylation of S6 (A) or carrying out kinase activity of mTOR
immuneprecipitates (B). While transfection of the wild type mTOR did not rescue nutrient starvation,
significant level of MTOR activity was detected when constitutive active mTOR mutants were transfected.
Therefore, these mutants confer amino acid independent growth.

Two types of mTOR complexes are present in mammalian cells. A complex termed mTORC1 contains mTOR,
Raptor and mLST8 and isinvolved in growth control mediated by the stimulation of protein synthesis. Another
complex mTORC2 contains mTOR, Rictor and

mLST8 and is responsible for the phosphorylation mTOR
of Akt. We examined whether our mutations also — o
affect mTORC2 activity. The results obtained S IR
suggest that mTORC2 is unaffected by the 8 % ﬁ 3
activating mutations. == 2=
" == g — AU1-mTOR
One possible mechanism for mTOR activation by ww v wm — Raptor
the activating mutations is that the binding of _
mTOR associated proteins will be altered. To & = W —Rictor
examine this point, mTOR was immunoprecipitated == = &= — Myc-mLST8
and the presence of associated proteins, Raptor,
Rictor and mLST8 was examined. We find Fi_g. 6. Effects of mutations on the binding of mTOR to Raptor,
comparable levels of associated proteins with the et cirmmunopr eolteted and the presncact Raptor, Hictor and
constitutively active mTOR compared with mL ST8 was examined by Western.

the wild type protein (Figure 6). Thus, the mutations
do not affect overall structure of the mTOR complex.

Another important finding we made is that these mutations exert dominant effects. It is known that mTOR

existsasadimer. Thiswas
demonstrated by using two different
MTOR tagged with different tags, FLAG FLAG-mTOR | wt | wt | wt
AUl and FLAG (Figure 7). These FLAG AUT-mTOR | wt [2419]1460
MTOR are co-expressed. When __ __phospho-4E-BP1
AU1 mTOR was immuno- _in vitro s (Thr 37148)
precipitated, we found that ” FLAG eS| e s — 4E-BP1
FLAG-mTOR also came down in ~ — FLAG-mTOR
the immuneprecipitates, suggestin @ AUl IPFLAG
that a di meerﬁormpof mTOIg?s ° B - —AUTMTOR
present. Fig.7. Left: schematic representation of dimer forms of mTOR.

Right: FLAG-mTOR and AU1-mTOR were co-expressed in HEK293
We then constructed AU1 tagged cells. The resulting mTOR complex was immunoprecipitated using
mutant mTOR and co-expressed it Anti-FLAG antibody. Detection of AU1-mTOR in the immune-
with FLAG tagged wild type mTOR. Precipitates suggests heterodimer formation. Kinase activity of mTOR is
When FLAG-tagged mTOR was constitutively active with the heterodimers.

immunoprecipitated, we observed
coprecipitation of AU1-mTOR. When the activity of this complex was examined, we found that it was active
even in the presence of mutant mMTOR. These results shown in Figure 7 provide evidence that the effects of



mutationsin mTOR can be dominant. This observation isimportant, as homozygous mutations could result in
constitutive activation of mTOR. It will be interesting to actually identify mTOR mutations in tumor samples.
Experiments are ongoing to test this possibility.

Another important observation we made concerns rapamycin that is evaluated in clinics as anticancer drugs. As
shown in Figure 8, rapamycin inhibited constitutively

activated mTOR. In this experiment, the wild type and ,L&@\ \/@0\
two different mutants of mTOR were transfected into N \)@\“ \)@\‘\
cells. The cellswere starved and then treated with ‘“ < <
rapamycin. Phosphorylation level of S6 was examined -+ - 4+ -+ Rapamycin (100 nm)
to assess the activity of mTOR. The results suggest e —
that the activity of the mutant mTOR can still be : o _ phospho-S6
inhibited by rapamycin. (Thr 235/236)
| AN
. D .+ — total-S6
Fig.8. The activity of mTOR was examined by the phosphorylation
of adownstream protein S6. Thewild type aswell asmutant activities
wereinhibited by rapamycin.

Currently ongoing projects and plansfor the next funding period

We plan to continue our approach to (i) characterize Rheb2, (ii) investigate the mechanism of cell cycle
progression by the TSC/Rheb/mTOR signaling, (iii) elucidate mechanism of activation of mTOR and (iv)
examine consequences of activation of MTOR. One particular emphasisisto identify mTOR mutationsin
tumor samples. Another emphasisisto generate cell lines stably expressing constitutive active mTOR mutants.
HEK 293 cells were transfected with a construct to express mTOR active mutants. Transfectants were selected
by G418 and single clones were isolated. Stable expression of the mutant mTOR was confirmed. We plan to
carry out a systematic analysis of the cells stably expressing mutant mTOR. One of the interesting questionsis
to examine whether growth properties such as the ability to grow on soft agar and the ability to respond to
starvation are altered. In addition, morphology of the stable cell lineswill be examined. Preliminary data
suggest that these clones rescue the decrease in cell size by nutrient starvation. Further experiments will
elucidate the mechanism by which mTOR regulates cell morphology.



Key Research Accomplishments

(1) We examined tissue expression of Rheb2, and we found that the expression was not ubiquitous. Thisis
different from the expression profile of Rhebl.

(2) We found that the activation of the TSC/Rheb/mTOR signaling leads to constitutive activation of Cdk2, a
key cell cycle protein functioning at the G1/S phase boundary. We also found that a Cdk inhibitor protein p27
is affected by the activation of the TSC/Rheb/mTOR signaling pathway. Its translocation to the nucleusis
blocked.

(3) Novel mutants of mTOR that are constitutive active have been obtained.

(4) We have shown that the expression of these mutants confers constitutive activation of mTOR even in the
absence of amino acids.

(5) The activating mutants of mTOR appears not to affect mTORC2 activity.

(6) The activating mutations do not alter binding of mTOR associated proteins.

(7) The activating mTOR mutations exert dominant effects over the wild type protein.

(8) The activated mTOR mutants retain sensitivity to rapamycin.

Reportable Outcomes

Constitutive active mutants of mTOR have been generated. These will provide valuable reagents for the study
of the Tsc/Rheb/mTOR signaling.

Publication

Urano, J., Sato, T., Matuso, T., Otsubo, Y., Yamamoto, M. and Tamanoi, F. (2007) Point mutationsin TOR
confer Rheb-independent growth in fission yeast and nutrient-independent mTOR signaling in mammalian
cells. Proc. Natl. Acad. Sci. USA 104, 3514-3519.

Short, J.D., Houston, K.D., Cai, S., Kim, J., Miyamoto, S., Johnson, C.L., Bergeron, JM., Broaddus, R.R.,
Shen, J., Bedford, M.T., Liang, J.T., Tamanoi, J., Kwiatkowski, D.Mills G.D. and Walker, C.L. (2007) Energy
Sensing Regulates p27<'™ by AMPK-Mediated Phosphorylation and Cytoplasmic Sequestration, Submitted.

Conclusions
During the current funding period, we have accomplished:

Further characterization of Rheb2.

Elucidation of the effects of the activation of the TSC/Rheb/mTOR signaling on cell cycle
progression.

Established the significance of p27 in the cell cycle effects of the TSC/Rheb/mTOR signaling.
Identified novel activating mutations of mTOR.

The activating mutations confer amino acid independent activation of mTOR.

The activating mutations exert dominant effects.

The activated mutants retain rapamycin sensitivity.

NP
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These studies should provide important insights into understanding the consequences of altering the
TSC/Rheb/mTOR signaling.
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Funhzrmare, less of Ter2p funcrian, like the los of Rhblp,
resuhs in small rounded cefls aresmed in G, (44, &5). Thus, i is
fkely then in. fision yeast, Rhbip funcrions 1o etivais TorZp.
This finding raiess e passibility 1het acivaring mutations in
Ter2p (or I oanoifer dovnsream face) can sonfer Rhblp
independznt growih (RIG). To invesige chis poine, we have
deviszd 2 screen 1o idemify e mutanes that can grow i the
ahsence of Rhbip [suppariing infarmation (51) Fig. €]. A arain
TUpLA%Y was congrucr=d in which the endogencuseba ] gene
was disrupesd by usig 2 Mis3* mssice and growth was main.
wined by using a wildsype copy of kBl oo a wad+
plasmic. This plasmid can be Lost by counterselecring for s
with 3-flwarcorotic acid (FOA), JUp1000 randomly was mu-
1genized by methyl-nitrc-nitrsaguanidine, and mutams char
would grow anmein comainivg FOA fand benee in the abszncs
af rbi =+ were isclaed. To & ether th

FO.4), confiming that thiz mataticn inthe TorZp kinase demain
cankers aciivity independent of Rhblp (Fig. L4).

RIS Hutants of Tor2p Exbibit Dacreased wﬂlg Effklency. Because
fous of TarZp funcico can nduce mting (2 <5, we wked
whether the Toe 2= muram would exhibic dsoreassd |'|'la|||:|h§I
rarzm"‘- mumlnnmlmmﬂmed |nnu.1bomo¢hl.ll;

rain, indine
iy g et Hlyaogen levels in spanss As can he
szen i Fig L8, we nhsen-e% a nulabled:ume in the exem of
indin: maining in the m 271K murarian

x o derease mallng zﬂ'uency. sttt wits m3 s
wation of Tar2p.

cional Tor? muiarions (LLZLOP, ¥1586C, 2225T, and
L2233 were idemified by sercening for decsased maing
(deareased iodine m.lmns; in an b arain afm rdomiy

had ocoumed in sov2, we inially sequenced the entire wor2 ORF.

Approximarsly 3 = 10° cells were mungsnized od scresned.
After eliminaring dones tiae il maintained the o+ plasmic,
2 single mutant stmin was isclaed tha was abls 1 grow i the
absence cf vt . Sequence analysis of the sor? CRF iderxified
a poink muratian that results i & gluramate 0 lysing muscin
ar positicn 2221 (E22ZLK) in the Caermind half of the Torzp

inase domain To confirm that this mutaica could confer 15,

this mutation was reimroduced ime the sor2 locus of TUpLOSD.
This strain {TURL25L) was able 1o g row in the absenes cfrlil (an
o et
A
L ¥

[
Conmar |

their ability 10 confer ek Fig L4 shows tha the arain
expressig the LL310P mutam (TUp1374) grew afier removing
the wini~ plasmid oA seleciion. Similar resules were
akeained for the other Tor? mutanes. Imersstingly, when com-
paring the LIXL0P mutam with the E2221K mutam, we neticed
that the sirain expresing the E2ZUE muiane has a greater
ahiliy msuppumbenh L e=quirement for growih {ss FOA
aezs in whenzas the L1310F mutam sxhibits a more
proncuncs eﬂmmm.qdﬁmnq[sg L5). Thus, althcugh
RIG md deweassd mating arz both censsquences of .l.si:g%r

Mz | Fhmay I 30R | vl it | na | 3

ng 2.
A A1 20 HercFied westing st Hicrs ma mibcsked b sha nese
rapramnestion of Tartp, disers | and 1 e ndcatad {8 TSR precan
numimsmm.mm.wlswn arel 3Tl 5 o
alea 3Tt and feTeeti,

i g Al. a s u.m.laml.umm wa thadud black o
3roy, respactively. Wizatiare found In foTor are ireicated sharathe ab
mnt. Tha rarmucr damain ragien o 70 s kdicated by o bra ndar §
abgreman: Singluared doukbyantartiks b iate tha AMP ared 56K pharpher-
imtion hn, rer el

Lzutian of wetivatnd marimticra In Tardp and cermanntien of raik

activaiing mutaiion in Tardp, <ach muiaticn may affscr chese
1o activicies diferently.

“These Tor2 constiutive active motams eshibi delayed nitrogen:
sarvaiinn response, Beruse fision yeas cells rspoad v it
saryaiinn by amesing o Gy 2 smalf rounded cefls, nonauxecrophic
=mis carrying the L1310F or EXIIE muracion wers nirogen-
sarved in S50 medin (o2 5T Masrial and Motnds ), ocd samples
wers asszmed for cell s and DA coment by FACS, The resuhs
ar sherwn in Fig. 1. Forwmnd-scarter analysis shows that boch Ter?
muams show a delay inthis shacge in cel size comparsd wibwild

inombly @ 1.5 and &35 bj. By 10 h, the muooe ol have
A temied in e simiar o wi pe cefls. Arnbs of celleyde
pmfles shooes that the Tor2 mutants an: delayesd inthe sppearance

Gy rlls becse mor= cclls ane in Gz a1 4.5 h, wheras majority
afwik-ype celis are in G,

Hutations &ra Chistared Malaly In mn FAT and Mnass Domalis of
Toe2p. The abarve analysis idenrified single amine a<id changss
locaved in the FAT and kinase domains, pointing 1 the impor-
tance of thest twa domains To further inveaigne the signii-
cance of these domains for Tor2p activation, we screened for
additional mutations ithe C-izeminal hdfod'an:p Theregion
comaining =iher the FAT or e FRB, kinse, and FATC
demains cf thez for2 gene in JURLS0 was randemly mutagenized,
and 34 additionn] mutans thar exhibited R1G wers idensified.
Sequence analysis of thes: mutams revealed 17 additional single
mutaticas at 15 pesition:.

£. 24 summarizes all of the acrivacing murations ideneified.
toesrestingly, we found hat the murations mainiy wen: duscered
in 1wo regions: 1he Meazrminal sids of the FAT domain (dusier
1) and the Casrminal pnmnn of the kinase domain (cluser 11y,
tnaddiicn, thers wars a frw regians, necably at the C-erminal
rigin of he FAT domain ared the Hoemn il regica cf the

 whirs ians w2z idemificd. Fig.
i sequence alignments of residues in which mutationg

16 | weww prat.argy el dol/ 1003, pran 0801 Y

B [ L - it
P2 e e
mar o it s
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n;a ShIA Fou M an d AT o "'"Jlawnmndrribnn-u i

JUE1aTA ik =

n.pum bbb a0, nnd.ll’;lmhrénm:””'ﬁmnawiudm
EyTraEe

uMm oI g U117 A Atne 1 wara raradormad with ok

P41 ChA1A) or pATLgRHE U611, and trauformats wars
vz the indcaced plhriss and Inaubuiad a2 30°C,

were found in dusmers T and 11, As @an be seen, most of the
mutations o< ur an residues that are perfecily conerved amcng
TOW peovzing Erem different arganias.

e A bar2> tants Ara Sanshive to Stress Condtthone, Analysis cf
a sirain having a disrupiicn of sbi and camrying a o 2-acivmied
for2%) mutation reveslsd thal, although Tard mutanis can
{mu:s Thblp requiremen: Far growehy they are incapabls cf
ather Rhblp funcions. Fig.
mmu ars vigkl: because presence of eiher the
o o the aoe™ W muration are sensitiee ro highesiie
=ress (1 M KOy and high iempermure (37°C) This sensitivitg
can be reversed by the intmeduction of R, ndicaring thar
Rhibl i involved in respending 1o these airese: in fission yeas.
We previousdy bave shown that inhibition of Rbblp couses
Iypersensitivities 10 roxic analogues of lysine (ihialysing) and
arginine {canavaning) {25, 4. [n additicn, los of =2 resuhe in
resigancss 15 thislysice, canavaning, and sthisning (the toxic
anaksg of methicning) (23, 21, 25, Examinaricn cf the oo 14
2o - TR mind i) A e MU minams oo thes: Lo amins aeid
anakogs shawsd chat these daubls mutants ars hypsrsensities ta
thislysins, caavaning, and sthicnine (Fig. 3# and dua o
. These sensitivitiss are rrvnsed[b) T radusing Fibl -
into thess cells. Thus, RhbLp is requirsd for the resinance o
these amine acid analegs, D\fhmuxlhﬁeullsmﬂymimed
Teaap, this resimance liksly is independent of Toezp,

34 shows that the rd 14
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Mgt TR nd TRl b et st scthery. G461 P
aalb warn rarafacied urkh pEDMA Reactarl, ALILMTOR fas, EJNTDE, er
LRI o LG Ehabi b o WISST. To it phphoaton o 251
o AREP, FLAGS or PLAGAEERT was comamactn than wara
sarur.seanvad zvum gh tand nabiurad In PEL for 1 h. Tha preain levalsvwara

- ST -

g8 Winms scihiiien of mT8 comp lems, (4] HERIEE cals manufacind

with PEOMAY bisctorl e AUTTCR haw, EZA108, ar L1463 wara sarum-
o and thy i in PES for th. AL

dutactud by LG BOK, 46, R InToAL otz
mbody. 48P, nd
Fhraghe utfe setiodrer, T ABK153 call wras raretucead wh AU+

anays with 4E-8° 1 and Akt m et nmpt...rmu. mmu.u.w..
dnacind bysan o

i "

TS, b, EZ41EK, or L14E0FS, Cala
ruatudueth ragarmyein (1EG b, n...wh....apompm.-,umlml.
zFywars detacead by 1pecife arsbadien v wld e

Knakgous Mutations i nTOR Coutar Netrent-noa pandant Activtty.
Because the muiions we idertified ocour masly an residuss
tha are corserved in higher ukaryoess, we asked whether these
mucations would confer congiucive acivation of WTOR. Ta
czamine this peim, MTORLP and mTORF4, muraions
thr correspond 10 Tor2l AP and TarFE2K, respeciively, were
consirugesd, and the regulation of their ao by muerisnc
signals in HEE203 calls wos msetsed, Consigere with previous
rapons (47, 48, MTOR aiity a5 dewecied by the phgrhury—
larico of 56K, 56, or SEBFL s inhibied when the ceils are

d 10 oucrism-siarvaion conditons (Fig. £ 4-C). This
nhibicion is cvercome by overexpressing wildotype Rheb or o
Brheb* T mutam, which is analogous 1o the hyperaaive fission
east Rhb1™TT mucam thar we previoudy hawe shown 1o be
{:ghlybﬂmd o GTP (]F.E £.4-0) (25, 49). The aofvarion sz=n
by wildsype Rhsb is liksly auriturable to Rheb being highly
boursd 1o GTP whien transierely sxprassed (50).

We then smamined the mTGR muans, HEKDGS cells were
wransécred with consiructs than expressed sither wild-iypz orthe
muram mTOR (L10F or EM19K) then sarved iur
nucrisors, As can be szen in Fig, 4.4, 8, and c. cells e
WTGRLAT and mTORFAE cxhibit hi ?‘
26K, 4E-BPL, and 56 comparsd wirh w

m'run, indica.

ing that the mTCM. mutanes maineain sctivity evenwhen the cells
are srarved 50_[ nutfienis. Howsver, thase mTOR mutants retain

[so ceylariony was assessed in HEE93 cells expressin
tppe mTOR, mTOR™ Y, armT oi=""* and rreaed wic
=:h=rmso( Jar rapamydn |+ We found that bothm TOR.
TACANIE Wers SEnsEive b apamysin, smilar o wikhappe mTOR.
Constinive stivarion of the mTOR munnes alss cn be
N M SUFICR i 44

the w0 W ORCEwene assayed by using 1wo differsnt subsirane
preesins: mTORCL activiey was assayed by wing <E-BFL (31,
52), whereas mMTORCT wos assaped by using aki asa subsirme
pretsin (53, 54). These complesss weee immunoprecpnied
from nutricn-saryed colls by using Al1-agged wild-type or
mucant mTOR and aciviciss assessed i wies (Fig, 54 Aivity

Uraras atal.

mTOR. funcrian, we coerpresed FLAG-tazgesd wild1yps and
AUlL-aggzd wildayps or mucam mTOR proizins o HEKZE
eells The cells were srarved dor ourrizns, and che complexss
were ml.med by immunoprecipiation using aoti-FLAG ami-
body. We found simiar amaums of AUl-agged wildtype
mTOR .mr.l the AUTL-1agged muram mTOE in che immine
complex, indicaing that mutam mTOR was able to f2rm 5
hetzradimer wih wildtype mTOR (Fig, 5C). Furhermars,
whien thess compleses were assayed for acivicy u:u:g-iE—EF]
a5 a subsrme, we, ﬁnund |hn| though che wil .'mldégg;
dimers ware inacrive ik cype/mutam hetercdimears

fied i vifmo Kinass mm(y ['Fig ).

Discussion
Avcumularing evidence in fizsion peast provides siroag su
for the idea thm Rbblp is an acharar of TorZp, We have
reponied that Rhblp assodaes with Tarzp (25). We and others
alen recemly have chown that, in fssion yeas, TorZp camplexes
with Mlp]p(lbe E!GIIIIIL!:SI H.'Apnorhmnlng] liksly farming &
SpTORCL 514 , 4% Funheemore, shurting down TorZp essuhsin
small rounded cells arresced in Gy, reminiscsne of inhibiting
ititicn of Tor2p in homochallic
and sexunl desslopment (44, 45). Now, we
show that, apposis 1o inhibiting Tee2p Rinction, 1n acivting
mELation o Tar, c.mcnnbern:lG delayed raspones o nEregen
=arvation, and et ment.
i Tepan provides evidence fof a Brge number of sigle
muuomdclmguu 1 corstiive aciivacion of Torzp.
. many of these muations occur in residues char are
h.g choﬂunﬂd frron protzing, and mTOR carrying anals-
gous mutations exhibit nueriem-indspendent mTORCT aniva-
tion, An eaciting finding of our mudy is that the acivting
murations ars ﬁmxrrd within two domains of TOR: the H.
temminal region of the FAT domain Ecluslﬂ 1) and the ©
teminal regica of the kinass domain jchezer 1. Imerssingy,
the chumer in the kinase domain isjust 3djacert 10 the repressor
domain j 2£30-2450 of mT OF; Fig. 25); deletian of this regian
resuhs i activaticn of MTOR (3%, 40). Indesd, the andegous
positian (2431 of mTOR) for one of he acivoved fission yean
Tor2 mumnes, [2233H, & found just inside 1his repressor
demain. This chse proximicy of the fepressar domain 10 dusier
11 pssibly indizarss that these minsticns may activate il OR via
a similar The deleticn of the repressar demain
initially was thougbe 12 activate mTOR, in part by removiog an
nspbur}hllm site (52448; Fig. 25); howsver, mucating
this site, which Lavsr was shown 1o be an 56K oql.umsue
(42, 43), 10 alanine Sces nct significanly aler mTOR activiiy
(30} Furhermars, munig 1he AMPE rylaion sie
{T2846; Fig. 2812 nlnins did nce aher mTOR asivity (35, 413,
Thess phosphorylation sites s are oot conservcd in fissian
yeast Tor2p. Perl this region is ivabved in inceracting wich
anurknown inhibiory facior. In addition 1o cluger 0, muraions
were found in the Nasrminal region of die kimse domain.

biring, which may inee ene i s inbib ey focie, Further

sxperiments are o

ress the consequences of these
MrAtions. A Fecert

n i budding yeas idervified mutaions
in the FRE thar szhibi increassd msociation with EOG1p
{budding yemet Rapear homslog) and inereased acrivty o Sac-
chrowces cerevisioe TORLD (55). Ahhmg: the FRE regian
was induded 0 our mumgsness, we did not idencify oy
activating mutacicn in this
The nctiation of Teezp resuhs in a delay i the nit

aarvation Tespanss. Howsver, this rsponss is net 3 com
Hack. Furthenmces, e Fnd chat phif s e srins atee, a2
able 1o repend 6 nircpen. saratan md undirge sl

0 | e prananggl e 10,0003, prantode 108

raphad, (8 HEKE call wears mamufartad with ECONAY Bractar] cr AUT-
ICR bt EDAITK, or LisGor Sagatr with g R, Sal b ware s

e e

Fremancpracpitsbed with smikALT nubody ron s Tevured by ot

A arcbdy, mLsTEwrer detctadbyact M amibhody. Eaptr and Ao

e duinceal by i avilbochu 1) HER3E e ootraraFucind i

PLA TR mnd AL e, 10K, e LIS e s sariad

leudTnnduud‘w kirass asiaye with SE3F 1
sabrtare. PLAG-TCR red Aull-mToRwara dtscrad by irisPLA G and s
A i, repactiody. Thaughieyluion oFuuraie was dasied by
snn cf ariphispha 4E8

usicg Akt a5 the subsrate was sril reainsd wich wild-rype
mTO R in HEE202 cells even under nutrieni-aarved conditians,
and o change i this activicy was chserved when using the
mutant mTOR. On the ocher hand, we found |ha| the mTOR
complex ccataining mTOREUSF ar mTORISEE exhifited sig-
nificanily higheractivicywith SE-BP1 as the subsme relarire o
wikd-ype mTOR. Thisacivicy ws confirmed to be anribuiahle
10 MTORC], becuse an i vire kinase amay wsing mTORCL

immuncpresipitassd with wti-Ragear aniibody showsd similar
results (51 Fig. 7). These resuhs ars consistsns with cur in sieo

findings.

WTORMS 35 TORSS ™ Mytants Can Form mTORCY 31d NTORCH
Conpkias and an Activa Watarodingr with WIIGType mTCR. W
eiher there were any altsmiicas in the ahilicy of the
mTO R muans ta form mTORCL and mTORC2. Emﬂg the
AUL g o0 the expn mTOR, mTOR compl
immunoprecipitmed from HEK293 cslls under ourien.
=arvation conditicas, and Indsdﬁqxnr (MTORCL, Riar
(MTORC), and mLSTA (mTORCL and § were s
szl . Wz frund that the mTOR murares wers able ta
bind similar amounes of 1hess mMTORCL and mT ORC2 compo-
nenrs az was wild1yps MO
It has besn repaned chat MTOR dimerizes via is N-cerminal
HEAT domains and tha the dimeric mT ORCL isthe major farm
that responds o inaulin 35, 36). Because our murations ars oo
focatedd in the HEAT domai, it is likely tha wild-ype and
mutant mTOR would form a heteredimeric complex, To 1o
whether this hesrodimer exhibis comuckwive accvation of

AL | Fsbmary 3LA0F | nali | na8 | 33w

b ionthart 1h insaill

n a.lrmubl‘; in :bel.:bs:lg of

iy cl xrm:pa is regulmed by an

m‘lr.ul mechanim. Fun ysis of mDiA

calle ml!ml]edp-owhlemwlmenldﬁhh]pmmus
pcl:ue ese MuEanEs ars sensiive 12 siresses such as high sl

{1 M Eclj and I:E:‘:mperunus (370, Althcugh the ech.

anisms far 1 pes ns ievestigaion, i is of
imerest i o ha e mucans b i these phenoyps
phenotyps of theeki  sov2™ mutanes i that they are

perseniikive t toxic aminD acid: analogs 1 is poesible char
ifie Sensiivirizs are 8 mesit of increlsed amin acid uptaks
becuse we previcusly have shown thar decreases in Rhblp
funcrien lzod o crensed uptake of arginine and bypersesi-
tivity 10 canmvanine (26,

We have succeedad in idemifying mTOR mutams thar are
awivei of nuiriens. providavaluable
reagenis 10 funher emmine the biclogical conssquences of
mTOR amiarian. By imroducing these muane: in HEK2E
calls, we bave shawn that they confer nurnem-indspendent
WTORCD sigraling. Addiinmal experimens may shed ligt cara
the pale of MTOR acivation in growdy [ocroducing chese
mutamsin HEE2SS aswell m other unransformed csll linss also
may provide Feight ims mTOR activation in transfoemation,
Irveigaing mTOR adtivation in whalz animals also is of
impamanee. These mutaniz @n be introduzed inte mics, and
such animals can be sudied fnber for roles of MTOR in
evelopmert as well as propensity far wmers.

Aaivaticn of the mTOR. y has been implicued in a
numbser of human dissasss atsocime d with benign mmers, sich
as bamamamas (56, Cur dsmeasmiion tha mTOR @n be
activaied by single amioe aGd changes raisss an imeresting
passibiliry chat mTOR mutaions may be found in tumar sam.
R, Thiy iden is aipponzd funher by our finding tha our
mutant mTOR is amive even when in 3 hecerodimer wich the
wild-type protein. Bevauss cur sudy peines 10 tea hot in
|htT0€R.prale|n searches for mTOR mutaces may be fooused

WO Tegions., resulis obimined from. these nudm
rale have 5.gmr.cn implicaricn for our underandin
human diseases arising from the activarion of the m_--aﬁeh-
mTOR. signaling pattway.

Matarials and Methods
Screans for RIGs and Activated Tor2p, 86 soesn Thescheme for the
RIG screen is shown in Fig. 1. JUpLOS0 stmin (3« 10° cells) was
i i re-nitrosnguanidine (Sigma, =
)ﬂ rich yeast exiract with supplamercs
(vss, in ovemight. Czlls then wers plitsd cars Efika gh
minimal medium spplemenced with ndenine |22 maf), leucin
(225 mg'l), uradl (20 mgly, and FOA (1 D}nﬁmes were
replica-plated oncs 1 eliminits hackground. of =3,009 coic-
niss, 241 diones were isalisd and vssied for abssnce of i~
colony POR. One done was isolmed tha bad loa che sisi®
plasmid.
Sorean for foed WGt axhbhhyg decared matisg. Randem muia-
tions were incroduced ino the tov gens by PCR (374 Linsar
Ot fragmencs carrying mun fred s alieies wene wans-
formedino Vi, a Dmnll:ulllrur:unl:l‘hichlbundngennus
o2 gene udumpned iih 3 kan® cassetve and whess growth is
maincained by o muhicopy plasmid pREPS.tarl. To abeain
imegrams of funciicaal worZ alleles, rosformanes tha were
resigant 2 FOA (indicating loss of ursd™-bued pREPA2.tar2)
and k' were soreened ar 26.5°C. From a me2 mutan library
thus consirucsd, we screensd for aerile dones; <ach siraionwas
grown 12 3 salany on 5.4 plce {see 51 Mgt ad Meskodr)
< with iodinevapar afier daysar SC.
Unstained colonies were iscled and exmined misroscopically
for serility.
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Sursan fon sl FAT i Khas mataats. Adiditianal FAT and
mutations ificd by scrscning ibranizs
based cn pLIGE-1ar-CTL in which the regicn coeeainig the
FAT domain or the FRE, kinae, and FATC domains were
randemly muiagenized by using the GeneMarph 1 Randam
‘Mutagenesis Kit (Scracagene, La Jolla, Ca). Tbellbmnesmr:
digesizd with BamEdL, and the lineariz=d were iniz-
gransd oo JUR1OG0. The resulting Tracdarmans iniially
were seleasd en plates containing G218 (200 wgd) for ince-
grtian of plasmid and then an FOA far the RIG phenoiype
as before. Then, 5,60 and 12000 imegranes wers screened
from the FAT damain |Ibr!!j’ and the FRE-kinase-FATC
damain Lbrary, respectively. In boih cases, 17 dooes were
alated. The regions that were mucgenizsd wers FCR-
amplified from genomic preps and sequenced o idsntify the
mutatians,

Hamnalas Gall Culturs and Transtection, HEE293 cells were
cultursd in DMEM supplemened wih 10% FES and penicil-
liysirepromycin ar 37°C and 5% OOw Tramfeciions were

rfcemed by usicg Polyfer (Dingen, Valenda, CA) accord-
1ng ta the manufactu rar’s ingructicns. To assess the actiriy of
mTOR. mutants, ezlls wene ssrum-siarved in DMEM supgl
meried with 0.1% BSA ovemight and 1hen oulrured in PES far
1h For rapamycin wearmenn, cells were tremed with 100 mM
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